Collisionless shock nonstationarity arising from microscale physics influences shock structure and particle acceleration mechanisms. Nonstationarity has been difficult to quantify due to the small spatial and temporal scales. We use the closely spaced (subgyroscale), high-time-resolution measurements from one rapid crossing of Earth's quasiperpendicular bow shock by the Magnetospheric Multiscale (MMS) spacecraft to compare competing nonstationarity processes. Using MMS's high-cadence kinetic plasma measurements, we show that the shock exhibits nonstationarity in the form of ripples.
Collisionless shocks are abundant in astrophysical plasmas such as around supernova remnants and in our solar system as planetary bow shocks and interplanetary shocks. Shocks thermalize supersonic flows and are effective particle accelerators. Shock physics is influenced by the angle θ Bn between the upstream magnetic field and the shock normal. A quasiperpendicular shock has θ Bn > 45°a nd quasiparallel θ Bn < 45°. Above the first critical Mach number, M A ∼ 3 or less [1] , quasiperpendicular shocks reflect a fraction of incident ions which gyrate and return to the shock with sufficient energy to pass downstream, where they are responsible for the bulk of the ion heating.
Under varying upstream conditions, relatively constant shock profiles can move up-or downstream [2] . In contrast, under stable upstream conditions, the motion and structure of a nonstationary shock is nonuniform and changes with time. Nonstationarity, and its role in particle heating and acceleration, is a long-standing issue in shock physics. It was theorized by Auer, Hurwitz, and Kilb [3] and demonstrated in laboratory plasmas [4] . Hybrid simulations by Leroy et al. [5] showed that the shock can become unstable for low ion beta and high Mach number M A > 8, when the shock over-or underreflects ions, which leads to a new shock forming upstream of an existing shock. Krasnoselskikh et al. [6] examined the critical whistler Mach number above which nonlinear whistler waves cannot exist in the shock ramp. This leads to an intrinsically unsteady shock behavior. In a study using Cluster data, Lobzin et al. [7] demonstrated shock nonstationarity and associated variability in ion reflection. Shock nonstationarity has also been observed at the bow shocks of Mercury [8] and Saturn [9] .
Shock nonstationarity can take several forms linked to the underlying microphysical processes. One important kind of nonstationarity is shock rippling. Simulations by Lowe and Burgess [10] showed that the surface of a quasiperpendicular shock supports ripples that propagate along the shock front. Such ripples are potential sites of electron acceleration [11] and influence the ion dynamics [12, 13] . Moullard et al. [14] presented evidence of such ripples by exploiting a slow, Selected for a Viewpoint in Physics P H Y S I C A L R E V I E W L E T T E R S week ending 14 OCTOBER 2016 partial crossing of Earth's bow shock made by the Cluster spacecraft. There is a lack of detailed studies of shock ripples.
Here we investigate shock nonstationarity using data from the Magnetospheric Multiscale (MMS) mission [15] , which for the first time allows detailed kinetic scale observations of the shock nonstationarity.
Observations.-We study one quasiperpendicular bow shock crossing on October 7, 2015, 11∶44 UT. The passage of an interplanetary coronal mass ejection (ICME) compressed the magnetosphere and gave rise to MMS exiting from the magnetosheath into the undisturbed solar wind.
For our analysis, electric field data are provided from the electric field instrument [16, 17] and magnetic field data from the fluxgate magnetometer [18] , both in the FIELDS instrument suite [19] . Ion data are provided by FPI-DIS (Fast Plasma Investigation-Dual Ion Spectrometer) [20] . Since FPI-DIS is not designed to monitor the solar wind, we use OMNI data for upstream plasma moments. Figure 1 shows magnetic field and ion data from MMS3. In a few seconds, the plasma transitions from the solar wind to the magnetosheath and the magnetic field magnitude B has a sharp increase, which is typical for a quasiperpendicular shock. The solar wind at this event is characterized by the dense ICME plasma, n u ¼ 29 cm −3 with bulk speed V u ¼ 425 km=s, and a strong upstream magnetic field B u ¼ 16 nT (see Table I ). This inbound shock crossing at 11∶44 UT has θ Bn ¼ 83°and Alfvén Mach number M A ¼ 6.2. Downstream of the shock, we observe fluctuations in the magnetic field. These fluctuations are correlated with structures in the ion distribution functions.
The shock normaln is determined by the mixed data method [21, 22] that uses both the magnetic field and ion velocity upstream and downstream of the shock. This method is better suited than others for nearly perpendicular shocks. In addition, four-spacecraft timing of the shock surface [22] turns out to be impossible due to the fact that the four spacecraft observe rather different shock profiles despite close spacecraft separation. This is an early indication that the shock motion and/or evolution is nonuniform. The resulting normal is within 6°of the model bow shock normal [22, 23] . Solar wind and shock parameters including normal vector are presented in Table I .
We use a coordinate systemn,t 1 ,t 2 , wheret 2 1 n × B u =B u andt 1 ¼t 2 ×n. B u is approximately alonĝ t 1 in then-t 1 plane. The upstream convection electric field E u is approximately alongt 2 .
Specular ion reflection.-Earlier studies have shown that, above the first critical fast Mach number, reflected ions are the result of specular reflection off the steep shock ramp [24, 25] . The reflected ions gyrate and are accelerated in the shock normal incidence reference frame (NIF) by E u . With MMS for the first time we can analyze the interplay between the reflection process and shock nonstationarity at the relevant temporal and spatial scales even at rapid shock crossings. 
the shock ramp. Here, solar wind ions are in the process of being reflected. Therefore, we see both almost specular reflected ions with large v n > 0 and ions returning to the shock with v n < 0 and large v t2 > 0. The energy of the returning ions are 3-4 times the energy of incoming solar wind ions.
Thus, we easily reproduce the well-established scenario in which specularly reflected ions are observed from upstream of the foot of the shock to the shock ramp. These reflected ions are accelerated in the direction of E u and maintain constant speed in the solar wind frame until they penetrate close to the shock ramp.
Shock nonstationarity.-The spacecraft separation is ∼25 km, which is approximately 1=10 of the gyroradius of the reflected solar wind ions. Figures 3(a) and 3(b) show the relative positions of the four spacecraft, which are pairwise separated along the shock normal. MMS1 and MMS4 are positioned more upstream than MMS2 and MMS3. MMS2 and MMS3 are predominantly separated alongt 1 , i.e., along the magnetic field and tangential to the shock surface. Figure 3(c) shows B for the four spacecraft. We observe the undisturbed solar wind and later the start of the shock foot at the same time for all spacecraft. However, the shock ramp is observed with a time difference of ∼1 s between the spacecraft pairs. Toward the end of the interval, we see magnetosheath fluctuations at roughly in phase for all spacecraft. As we shall show below, the differences in the vicinity of the shock ramp are due to apparent motion of the shock ramp. Figure 3(d) shows the normal electric field E n , which has been low-pass filtered to more easily see the general structure. E n is strongest at the shock ramp, where ions are reflected, and reaches at most ∼30 mV=m (cf. [26] ).
Figures 3(e)-3(h)
show the ion phase-space density as a function of normal speed. Reflected ions are first observed by all four spacecraft at the same time, ∼3 s before the shock ramp. The number of reflected ions is not steady, including both smooth variations over ∼1 s in the initial magnetically quiet period and a significant increase coincident with the beginning of the magnetic shock foot.
At the shock ramp, ion reflection is observed where ions go from negative normal speed to positive. After their encounter with the overshoot at time C, MMS1 and MMS4 observe partial ion phase-space holes near v n ¼ 0 between times D and G. These ion distributions are similar to the interval at and immediately upstream of the shock ramp (times A and B). MMS1 and MMS4 also observe peaks in E n like at the first shock ramp. We conclude that MMS1 and MMS4 have returned to upstream of the shock rather than passing through the overshoot into the downstream region.
The combination of high-resolution field and ion observations during this brief (5 s in total) shock encounter 
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week ending 14 OCTOBER 2016 enables us to reconstruct the apparent shock motion, the red line in Fig. 3(b) . While this looks like the result of a simple planar out-in motion of the shock, we show below that the shock front is not planar.
Ripples.-We have shown that two spacecraft go from the solar wind to the shock overshoot and then back upstream. We will now show that this motion is due to ripples propagating along the shock surface rather than larger scale motion of a planar shock front.
The apparent shock motion is indicated in Fig. 4 , where OUT means sunward and IN means anti-sunward. We determine this motion from the oscillations in the normal magnetic field B n , observed by MMS2 and MMS3. These oscillations can be matched to the apparent in and out motion of the shock seen in the ion phase-space signatures in Fig. 3 . Changes in B n can be attributed to a change in the local normal vector of the shock. MMS2 and MMS3 both observe dips in B n during outward motions and peaks during inward motion. B increases as the spacecraft move toward the peak of the overshoot during outward shock motion and decreases during inward shock motion. The oscillations in the magnetic field are consistent with surface waves or ripples moving along the shock surface and which decrease in amplitude away from the shock overshoot [10] , so they are not simultaneously seen as clearly by MMS1 and MMS4.
We determine the velocity of the ripples by timing the variations in B n and B between MMS2 and MMS3 and assuming that the ripples propagate alongt 1 , i.e., along B u [10] . The ripples are propagating parallel, rather than antiparallel, to B u with a phase speed in the NIF v r ¼ 105 km s −1 . This is slightly lower than the simulation result v r ¼ v A;o ∼ 160 km s −1 [10] . The average period of the ripples in the NIF is T r ¼ 1.7 s. This corresponds to T r ¼ 0.4τ ci;u , which is close to ∼0.3τ ci;u predicted by Lowe and Burgess [10] . Knowing T r and v r , we find the ripple wavelength λ r ¼ 175 km, or 4.2d i;u , in good agreement with the range ð4-8Þd i;u reported by Lowe and Burgess [10] .
The approximate spatial peak-to-peak amplitude A of the ripples is implicitly derived from Fig. 3(b) to be 10-20 km. This corresponds to A ¼ ð0.25-0.5Þd i;u , which is close to ð0.5-1Þd i;u predicted by Ofman and Gedalin [27] . We also estimate A from the size of the B n oscillations in Figs. 4(b) and 4(c). Assuming sine-like ripples,
where ΔB n is the peak-to-peak variations in B n and B 0 is the magnetic field magnitude in then-t 1 plane. With ΔB n ¼ 20 nT and B 0 ¼ 70 nT, A ¼ 8 km, which is in good agreement with the previous estimate. Figure 5 summarizes the quantities derived above and shows the spacecraft trajectories through the rippled shock. The overall impression of unidirectional passage through the shock foot, ramp, overshoot, and undershoot into the downstream region is incorrect; instead, the spacecraft cross the shock several times due to the ripples. At time G in Figs. 3 and 4 , all four spacecraft cross the overshoot for the last time. This time, the spacecraft cross at the downstream part of a ripple. B in this part of the overshoot is ∼20%, or ∼1B u lower than the overshoot first encountered, as reported by Ofman and Gedalin [28] . After the spacecraft have crossed the overshoot at time G, the plasma is more thermalized. Here, the magnetic field profiles for all spacecraft become similar and show compressional structures. High-energy reflected ions with v n < 500 km=s are in phase with these structures. We interpret these structures as part of the ripples and the reflected ions as an effect of the shock surface moving relative to the spacecraft.
Conclusions.-We use the high-resolution data from the four closely spaced MMS spacecraft to investigate the structure of a supercritical, quasiperpendicular shock. The observed variations in magnetic, electric field, and ion distributions can be explained by ripples moving along the shock surface. Quantitative analysis reveals that, unlike earlier reports [14] , these ripples match the kinetic scale and dispersion properties of ripples seen in 2D hybrid simulations [10] . Our observations, for the first time, provide a detailed picture of a rippled, quasiperpendicular shock at kinetic scales.
We show that the observed reflected ions upstream of the shock are specularly reflected and accelerated in the solar wind electric field, consistent with previous studies. In addition, we show that the simultaneous presence of incoming and reflected ion beams is a good indicator that spacecraft is upstream of the shock overshoot.
Future work should investigate the role of waves and full 3D electric fields in mediating the shock energy partition through particle heating and dynamics.
For MMS data, see [29] . The OMNI data were obtained from the GSFC/SPDF OMNIWeb interface [30] .
